Effective power control is essential to promote system quality and efficiency in wireless communications. In recent work, we have determined that power control algorithms devised for cellular telephone conversations do not work well for data. In this paper, we derive a new algorithm, Network Assisted Power Contro1,that maximizes a utility function for each terminal. As in power control for voice signals. the algorithm is implemented via signal-to-interference ratio balancing at the receiver. Unlike telephone power control, the data algorithm requires network assistance to in form terminals of the correct signal-to-interference ratio target.
Background
The quality and bandwidth efficiency of wireless communications systems depend on effective power control. A body of literature (references [14] are examples) describes mathematically the properties of optimum power control for wireless telephones. With cellular telephone communications a big success, an important issue is the transmission of non-telephone information to and from portable terminals . In recent work [8-1 11, we have demonstrated mathematically that the power control algorithms derived for telephone communications produce sub-optimum results for wireless data transmission. This conclusion is based on the properties of a utility function for wireless data systems defined as the number of information bits delivered accurately to a receiver for each joule of energy expended by the transmitter. Our work has concentrated on distributed power control algorithms, in which each transmitter adjusts its power on the basis of local information. We find that when transmitters adjust their powers separately to maximize the utility of each link, Narayan Mandayam WINLAB Rutgers University 73 Brett Road Piscataway, NJ 08854, USA narayan@winlab.rutgers.edu they converge to power levels that are too high. In our past work, we introduced a pricing mechanism to lead terminals to operating points with higher utility. However, a disadvantage of the pricing schemes we studied is that they cannot be realized by a signal-to-interference ratio balancing algorithm [34] .
The work reported in this paper takes a different approach to designing power control algorithms that maximize utility. The goal is to derive efficient power control algorithms based on signal-to-interference ratio balancing. The result of this approach is an algorithm that relies on the infrastructure of a wireless data system to broadcast the optimum target signal-to-interfenmce ratio to all interfering transmitters. When all terminals aim for this target, each maximizes its utility over the set of signal-to-interference-ratio balancing algorithms.
In a CDMA system, the optimum target depends on the number of simultaneously transmitting terminals. The aggregate throughput of the base station also depends on the number of terminals. We find that there is a population size that maximizes base station throughput measured in bits per second. The maximum throughput is analogous to the Erlang capacity of a wireless telephone system.
In the remainder of this paper, Section 2 defines the utility function for wireless data transmission and examines the distributed power control algorithm that maximizes the utility for each terminal. Section 3 considers algorithms that produce the same signal-tointerference ratio at all terminals and derives the optimum signal-to-interference ratio target. Section 4 consists of numerical examples and Section 5 is a discussion of the results.
The Utility Function
Consider a wireless data system operating at a channel 
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VTC'O I packets, each containing L information bits. Channel coding increases the packet size toM > L bits. We assume that the system contains a powerful error-detecting code (such as a cyclic redundancy check) such that the probability of undetected transmission errors is negligible.
When the receiver detects an error in a packet, a selective repeat protocol causes the packet to be retransmitted. The signal-to-interference ratio at terminal i is n and f(y3 is the probability of successfully receiving a packet. We define U,. the utility achieved by terminal i, as the ratio of the expected number of bits received accurately, L f ( d bits, to the energy consumed in transmitting one packet, P;M/R Joules [ 121: where P; watts is the transmission power of terminal i.
We consider a wireless data system in which N terminals share the same physical channel. Each terminal transmits data to a single base station. The signal-tointerference ratio 8, depends on all of the transmitter powers and on the locations of the portable terminals and base stations. In a single cell of a CDMA wireless data system with N terminals, the path gain of terminal i to the base station is hi, i=1,2 ...., N and the signal-to-interference ratio is: where C is the CDMA processing gain, and a' is the noise power in the base station receiver.
The distributed power control problem seeks an algorithm in which each terminal mes local information about its own transmission to choose a power level that maximizes the utility of the terminal. To solve this problem, we differentiate Equation (1) with respect to Pi and set the derivative to zero. The result for each terminal is the single equation:
The solution to this Equation is ?f". Each terminal, acting alone, maximizes its utility by transmitting at a power level e'which leads to ~= y .
However, this result is ineficient in the sense that there are other sets of transmitter powers that produce higher utility for one or more terminals, without decreasing the utility of any of the other terminals. Some of these power sets lead to equal signal-to-interference ratios.
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Network Assisted Power Control with Balanced Signal-to-Interference Ratio
We derive an optimum power control scheme for wireless data in which all terminals aim for the same target signal-to-interference ratio, n. This scheme is attractive because it can be realized by a power adjustment algorithm used widely in cellular telephone systems. We find the optimum value of n by first observing that when all terminals operate with z=n, they all have the same received power:
We combine Equations (I), (2) , and (4) to find U, as a function of the target,
The right side of Equation (5) indicates that except for the factor, h;, the target signal-to-interference ratio, n, affects utility in the same way for all terminals. Therefore, all terminals achieve maximum utility at the same common value of W. If we use the notation x,,,, for the maximizing value of p, we find T ,~, by differentiating Equation (5) with respect t o n and setting the derivative to 0 to obtain:
The optimum target signal-to-interference ratio, yopt, is a solution of Equation (6) . Like p, the equilibrium signa& to-interference ratio of the noncooperative game, it depends on the function f(v, which describes the dependence of packet success probability on signal-tointerference ratio. This function is a property of the radio propagation channel and the transmission system including the modulation technique, the receiver, and the channel coding scheme. Unlike p, yopt also depends on N, the number of terminals and on G, the processing gain.
For N = l , Equation (6) reduces to Equation (3) , which implies that x,l,f=p for N = l . When two or more terminals transmit to the same base station, yOpt @. All terminals would do better to aim for a lower signakto-interference ratio than p. In general, is a decreasing function of N.
Moreover, for all values of N, which implies that it is always feasible for N terminals to operate simultaneously with ~=x,,,~. This situation is in contrast to the distributed power control algorithm in which all terminals a i m for p, the solution to Equation (3) . That algorithm is feasible only for N 51 + G / F [ 131.
In contrast to distributed power control, terminals using the algorithm we have derived need to cooperate (rather than aim individually for maximum ublity) in order to achieve the benefits of operating at K,~?~. Because depends on N. it changes as terminals enter and leave the system. To keep terminals informed of the correct current value of x,,,t, the base station can transmit this value from time to time in the associated control channel that exists in wireless systems. In this way, the network assists the power control system and therefore we refer to the algorithm as network assistedpower control (NAPC).
Performance Analysis
To explore the properties of NAPC, we have calculated performance measures of the hypothetical system studied in our earlier work [9] . The parameters of that system are: Note that each packet has M-L=16 redundant bits used for channel coding. We assume that all of these bits are used as a cyclic redundancy check for error detection and that the number of undetected errors is negligible. If binary errors affecting the 80 bits in a packet are mutually independent, the packet success probability is
The first step in studying this system with NAPC is to solve Equation (6) numerically with f(d given in Equation (8) and N variable. The result is the graph in Figure 1 . It shows x, , , as a function of N, the number of terminals, when the processing gain, G=100. As terminals enter and leave the cell, the base station could refer to the data in this graph to determine the best target signal-tointerference ratio, and then transmit this number to the active terminals. For N = l , &t=F=10.75, the target signal-to-interference ratio of the distributed power control algorithm.
The system contains a noncoherent frequency shift keying modem and we model the sum of interference and noise as white gaussian noise. Therefore the binary error rate is 0.5exp(-f2) errorskit. In our merical example, RL/M=8000 b/s. As more and more terminals use the system, each one has to aim for a lower signal-to-interference ratio and accept a lower throughput. System throughput, Tsys can be defined as the total number of information bits per second received accurately at the base station: Tsy,s=NT(N). In Figure 2 With distributed power control, the terminals all aim for y=p=10.75, the solution to Equation (3). The utility achieved by each terminal is given by Equation (5) with yr=p=10.75. By contrast, the utility achieved with NAPC is Equation (5) with p =~,~~~, where is a function of N, the number of terminals transmitting simultaneously. Figure 3 shows the ratio of the two utilities as a function of the number of terminals. For N = l , a single-terminal system, Equations (3) and (6) are identical and p =~,~~. Heme, with N = l , the ratio is 1. It increases as the number of terminals grows. The utility ratio is approximately 2 for N=9, and for N>IO, there is no comparison between NAPC and distributed power O-78O3-6728-6/O1/$10.O0 02001 IEEE control because distributed power control is infeasible for N>I0. When a system is lightly loaded, there is v u l y no difference in utility between distributed power control and network assisted power control. It is only when the number of terminals approaches the limit for distributed power control that the advantage of network assisted power control becomes significant.
Discussion
The network assisted power control technique derived in this paper is attractive because it uses an established power control algorithm (signal-to-interference ratio balancing) to maximize a utility function relevant to data transmission from a portable terminal. It requires coordination by the network, which has to inform terminals of the best target signal-to-interference ratio for current conditions. In return for this network assistance, it achieves higher levels of utility than a distributed system in which terminals act independently to maximize utility.
In addition to utility, the numerical analysis examines throughput, one component of the utility function. Although the throughput of each terminal decreases when other terminals enter the system, there is a number of terminals that maximizes the total system throughput. This suggests that an admission control algorithm would do well to limit the number of terminals to the number that maximizes system throughput. However, the NAFC technique offers operational flexibility (equivalent to soft capacity in CDMA voice systems) by generating signalto-interference ratio targets that are feasible for any number of terminals. Thus an admission control scheme could choose to admit more terminals than the number that maximizes total base station throughput, in the interest of reducing the probability of service denial.
